Objectives-Renal duplex sonography represents a standard noninvasive diagnostic procedure to demonstrate morphologic changes in acute kidney transplant dysfunction. We investigated whether a newly developed serial duplex index (SDI) can differentiate between acute cellular rejection and acute vascular rejection more effectively than the established Doppler parameters of the resistive index (RI) and pulsatility index (PI) in recently transplanted patients.
D
oppler imaging and grayscale sonography represent two important noninvasive examinations to evaluate kidney transplants, especially in the early phase after transplantation. 1, 2 Major transplant conditions that need to be distinguished from normal graft function are acute tubular necrosis, acute cellular rejection, and acute vascular rejection. Grayscale sonography of the initially normally functioning kidney allograft (normal graft function) usually reveals expanded edematous parenchyma with uniform echogenicity, which is accentuated medullary pyramids. [3] [4] [5] In serial scans within the first days after transplantation, a mild reduction of parenchymal width and cortex-pelvis proportions (CPPs) are usually observed because of the resolution of reperfusion injury-associated edema. [6] [7] [8] Color duplex sonography in well-functioning grafts shows perfusion reaching the subcapsular cortical parenchyma without a deficit. 9, 10 Measurement of the vascular resistive index (RI) using Doppler sonography is a noninvasive method to evaluate renal allograft dysfunction, but conflicting reports exist about its clinical utility ( Figure 1) . [10] [11] [12] Several studies have shown that an elevated RI is considered diagnostic of acute transplant dysfunction, but it may have low specificity in diagnosing kidney allograft rejection. 5, [11] [12] [13] In one report, the sensitivity and specificity of the RI in diagnosing rejection were only 43% and 67%, respectively. 2 In transplanted kidneys with initial graft function, the RI is usually lower than 0.80. Values of 0.80 and higher were associated with allograft dysfunction. 13 However, the sensitivity and specificity of sonographic indices are insufficient to reduce the rate of transplant biopsies required to distinguish normal graft function from other conditions of the kidney allograft.
A histologic diagnosis is usually used to differentiate acute transplant rejection from acute tubular necrosis. Cellular rejection is characterized by various degrees of tubulitis and interstitial infiltration with lymphocytes and consecutive interstitial edema in the allograft parenchyma.
14 Parenchymal swelling is reflected by an increased CPP on grayscale sonography, whereas cellular infiltration increases the echogenicity of the renal parenchyma. 4, 8, 15 We hypothesize that distinct parenchymal edema in cellular rejection reduces kidney allograft perfusion. If so, the observed mild-to-moderate increase in the RI on duplex sonography (Figure 2 ) might be explained. 2, 4, 7 Vascular transplant rejection (either cellular or humoral due to antibody-mediated rejection) is characterized by inflammation of the intrarenal arteries and capillaries, reducing the intrarenal blood flow. 14 We hypothesize that this condition leads to a strong increase in the RI, as reported by several study groups, 2, 4, 16 whereas parenchymal swelling occurs subsequently ( Figure 3 ). Vacuolation and sloughing of tubular cells into the lumen and interstitial edema with mild leukocyte infiltration (potentially leading to parenchymal swelling and reduction in intrarenal perfusion) are the major histologic findings in acute tubular necrosis. 14 Thus, acute tubular necrosis can mimic transplant rejection on sonographic investigations, since it may also lead to an increase in the CPP and RI. 17, 18 To increase the effectiveness of duplex sonography in the differential diagnosis of kidney transplant dysfunction, we developed a serial duplex index (SDI) for the kidney transplant tissue to distinguish between acute tubular necrosis, acute cellular rejection, and acute vascular rejection. In our retrospective study, we investigated whether the SDI can differentiate between these conditions more effectively than the established duplex parameters of the RI and pulsatility index (PI). 
Materials and Methods
We conducted a retrospective analysis of 101 deceased-donor and 20 living-donor kidney transplants between 2009 and 2011 in the University of L€ ubeck's transplant center. The study population represents 66% of all kidney transplantations performed within the investigated period. Normal graft function was assumed if no more than 1 dialysis treatment was necessary after transplantation, and the estimated glomerular filtration rate continuously increased to at least 30 mL/min/1.73 m 2 within the first 3 weeks after transplantation. Excluded patients were those who had vascular thrombosis (1 patient) during the first week after surgery, those with stenosis of the transplanted renal artery detected by Doppler sonography (3 patients), those with evidence of hydronephrosis of grade 1 or worse (15 patients), and those with normal graft function but sonographic examinations outside the standard (42 patients). Of these 42 excluded kidney transplant recipients, 28 patients had incomplete examinations that did not determine both the RI and PI. The remaining 14 recipients had no sonographic investigations within the required 3 to 7 days before biopsy and were excluded.
Patients with urothelial thickening but without signs of substantial hydronephrosis were not excluded. Data were collected from the prospectively maintained database of transplant patients in our hospital. The study was held in accordance with the Helsinki Declaration of 1975 and approved by the local Ethics Committee of the University of L€ ubeck. 
Standardized Sonographic Examination
In all kidney transplant recipients, routine grayscale and duplex sonographic scans had been performed within the first 24 hours after transplantation in a standardized examination, as follows: Patients were examined in the morning in the supine position by 4 experienced investigators using the same ultrasound system (Z.One; Zonare Medical Systems, Mountain View, CA). Grayscale and duplex scans were repeated daily if no graft function or abnormal graft function occurred (eg, oliguria or an elevated serum creatinine level). In patients with normal graft function, sonographic investigations were performed every 3 to 4 days. During each investigation, the CPP, RI, and PI were determined and documented in a database (Access; Microsoft Corporation, Redmond, WA).
Sonographic Parameters
The CPP was determined from the grayscale sonographic examination. In a cross-sectional view of the transplanted kidney in the hilar region, the opposed cortex diameters (d 1 The RI and PI were obtained in the duplex mode. The sample volume was positioned in a segmental artery of the renal allograft, and the pulsed wave Doppler spectrum was displayed. The peak systolic velocity (PSV), time-averaged velocity, and end-diastolic velocity (EDV) were measured, and indices were calculated with the embedded sonographic software using the following equations ( Figures 1C-3C ) 11, 19 : RI5 (PSV2EDV)/ PSV; and PI 5 (PSV-EDV)/time-averaged velocity.
Within an examination, at least 3 measurements in different segmental arteries (upper pole, center, and lower pole) of the allograft were performed and averaged.
The SDI was calculated with the parameters obtained immediately before kidney biopsy (t0) and 3 to 5 days earlier (t21). Since not all patients in the normal graft function group were biopsied according to the protocol, the SDI in patients without biopsy was calculated by using parameters obtained in 2 consecutive sonographic investigations within a 5-day interval.
The sequential CPP ratio, RI ratio, and PI ratio were calculated as follows: CPP ratio 5 CPP t0 /CPP t-1 ; RI ratio 5 RI t0 /RI t-1 ; and PI ratio 5 PI t0 /PI t-1 .
The SDI was calculated as the product of the RI and PI ratios divided by the CPP ratio: (RI ratio 3 PI ratio)/CPP ratio.
We hypothesize that this duplex index emphasizes the alterations of the downstream vascular resistance in transplanted kidneys by using RI and PI values from 2 consecutive sonographic examinations (RI t-1 , PI t-1 , RI t0 , and PI t0 ). The division of the product (RI ratio 3 PI ratio) by the CPP ratio may separate the vascular deteriorations observed in acute vascular rejection from the parenchymal alterations in acute cellular rejection and acute tubular necrosis. Other calculations of the RI, PI, and CPP ratios to differentiate vascular and parenchymal alterations had been tested but were not superior to the RI and PI ratios (data not shown).
Kidney Biopsies
Ultrasound-guided kidney transplant biopsies were performed in kidney transplant recipients with delayed graft function for greater than 5 days and recipients with deterioration of graft function, a suspicion of rejection, or both. Patients with normal graft function were not routinely biopsied, except for protocol biopsies in clinical studies. All biopsies were analyzed by the same pathologist. Histologic findings were classified according to the Banff classification. 14 The diagnosis of acute tubular necrosis was assumed if category 2, type I (acute tubular necrosis-like minimal inflammation) or type 6 (other) changes occurred. Acute cellular rejection was assumed if category 3 or 4 (type IA and IB) changes were detected. Acute vascular rejection was assumed if category 2 (type II and III) and category 3 (type IIA, IIB, and III) changes occurred. Table 1 summarizes the demographic and clinical data of the patients in this study. Patients' ages, sexes, and body mass indices and donor ages were not significantly different between the groups, with most having received the transplants from deceased donors (>70%). Fifty patients showed normal graft function, whereas 25, 28, and 18 patients manifested histologically proven acute tubular necrosis, acute cellular rejection, and acute vascular rejection, respectively, resulting in a total of 46 rejection episodes in 121 kidney transplant recipients. The cold and warm ischemic times were significantly lower in patients with normal graft function than acute tubular necrosis, acute cellular rejection, and acute vascular rejection (P < .05). On average, allograft biopsies were performed within the first week after transplantation in all patients with transplant dysfunction (mean 6 SD: acute tubular necrosis, 6 6 2 days; acute cellular rejection, 7 6 2 days; and acute vascular rejection, 5 6 2 days).
Results
Since not all patients with normal graft function were biopsied according to the protocol, only 33% of these patients received a histologic diagnosis. None of the biopsies of the patients with normal graft function showed calcineurin inhibitor toxicity, whereas it was evident in 5, 13, and 8 patients with acute tubular necrosis, Data are presented as mean 6 SD and number (percent) where applicable. a P <.05 compared with normal graft function. 
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Data are presented as mean 6 SD. NS indicates not significant (P >.05). a P <.05 (analysis of variance on ranks).
acute cellular rejection, and acute vascular rejection. All patients were receiving immunosuppressive therapy with tacrolimus or cyclosporine, with comparable trough levels (Table 1) .
Patients with normal graft function showed a mean RI of 0.61 6 0.12 and a mean PI of 1.28 6 0.42 on the day of biopsy (t0) and significant elevations (0.93 6 0.11; P < .001; and 2.12 6 0.32; P < .05, respectively) were observed in the acute vascular rejection group at this time ( Table 2) .
In comparison, the CPP on the day of biopsy showed a mean value of 1.42 6 0.32 in the normal graft function group and a significant increase in patients with acute cellular rejection (2.28 6 0.32; P < .05; Table 2 ). This effect was also observed regarding the CPP ratio, which increased more significantly in patients with acute cellular rejection (1.54 6 0.21; P < .001) in comparison with the other groups ( Table 2 ). However, the CPP ratio was not different between the normal graft function, acute tubular necrosis, and acute vascular rejection groups.
The SDI showed a significant reduction in patients with acute cellular rejection (0.87 6 0.12) but increased to 2.03 6 0.14 in the acute vascular rejection group (Table 2 ) compared with the normal graft function group, in which it was 1.02 6 0.14 (P < .05; Table 2 ). However, the SDI was not significantly different (P 5 .089) between patients with normal graft function and acute tubular necrosis (Table 2) .
In comparison, the calculated SDI values of greater than 1.7 correlated with the occurrence of acute vascular rejection, whereas SDI values of less than 1.00 correlated with the diagnosis of acute cellular rejection. The 95% confidence intervals of the investigated indices are illustrated in Table 3 .
Analysis of the diagnostic accuracy revealed that the newly developed SDI was highly sensitive (93%) and highly specific (93%) for the detection of acute vascular rejection, resulting in a positive predictability of 95% (Table 4 ). Acute cellular rejection had 86% positive predictability according to the SDI calculation. Compared with the RI ratio, the SDI increased in sensitivity and specificity for detecting acute cellular rejection by 13% and 12%, respectively (Table 4 ). In the diagnosis of acute tubular necrosis, the SDI improved the sensitivity and specificity by approximately 10% compared with the RI and PI ratios (Table 4) . However, although the sensitivity for determination of normal graft function increased with the SDI by 10% compared with the RI ratio only, the parameters showed no difference in specificity (Table 4) .
Discussion
Renal allograft dysfunction still remains a major cause of concern, and its early diagnosis is critical to ensure optimal therapeutic outcomes. Estimates indicate that early acute rejection may occur in as much as 20% of renal transplantations. 19, 20 Subclinical rejection may not be associated with elevated creatinine levels and may lead to damage of the allograft. 21 Histopathologic examination of the allograft remains the diagnostic reference standard for confirming rejection. However, the procedure can lead to complications that may worsen renal function, is contraindicated in patients with preexisting coagulopathies, and may produce sampling errors. 22 Sonography offers a noninvasive alternative for evaluation of allografts in this context and represents the noninvasive reference standard in many transplant centers for assessment of renal allograft status. 11, 13 Doppler sonography can yield serial quantitative measurements of the PI and the RI, which are useful in monitoring allograft function and the response to therapy. 10, 23 In this study, we evaluated the utility of these sonographic indices as well as the newly proposed SDI in evaluating the risk for acute allograft dysfunction among kidney transplant recipients.
Resistive index values normally range from 0.6 to 0.8, whereas normal PI values range from 1.36 to 1.56. 24, 25 The RI has been shown to correlate with longterm renal transplant function, as determined by serum creatinine levels or creatinine clearance. 11, 26 Single measurements of the RI have low diagnostic accuracy for acute complications and chronic dysfunction after kidney transplantation, but successive monitoring can improve it. [5] [6] [7] 27 This observation generated the idea for our study to calculate ratios of 2 serial RI and PI measurements, resulting in sensitivity and specificity of greater than 80% in diagnosing acute rejection. Reports indicated that the sensitivity of a single RI measurement ranged from 43% to 82%, and the specificity ranged from 33% to 100% in diagnosing acute rejection, depending on the cutoffs used. 28, 29 In a study that used serial monitoring of the RIs of 127 renal transplant recipients, Radmehr et al 30 reported statistically significant increases in the mean values of the indices on the first, third, and fifth days after transplantation in patients with graft dysfunction in comparison with normally functioning grafts. Adibi et al, 31 who studied 38 renal allograft recipients, reported a linear correlation between the mean RI within 48 hours and kidney function after 6 months.
However, parenchymal alterations may play an additional role in detecting acute transplant dysfunction. 4, 15, 17, 32 Meola et al 17 showed that interstitial edema, as seen in acute cellular rejection or interstitial nephritis, resulted in an enlarged hyperechoic cortex and hypoechoic pyramids. Investigations with magnetic resonance imaging indicated that alterations of the cortex-tomedulla contrast represent sensitive signs of interstitial edema and scarring. 4 To recognize parenchymal alterations in acute cellular rejection, acute vascular rejection, and acute tubular necrosis, we determined the CPP in our sonographic investigations and calculated the ratio of 2 consecutive CPPs.
The combination of both vascular and parenchymal alterations in acute transplant dysfunction led to the development of the SDI in this study. Our results indicate that sonographic investigation with the SDI may further improve the sensitivity, specificity, and positive predictability of acute cellular and vascular rejection to 90%. To our knowledge, no sonographic parameter has been proven to achieve similar effectiveness in diagnosing transplant rejection so far.
Interestingly, a large study of 321 kidney transplant recipients with serial RI measurements revealed that the RI was not associated with renal allograft histologic alterations. 11 This study contrasted many other studies 28, 30, 31 and did not evaluated the PI or parenchymal alterations such as the CPP. However, this study emphasizes the necessity of new sonographic parameters or indices to differentiate between acute tubular necrosis, acute cellular rejection, and acute vascular rejection in kidney transplant recipients.
Morvay et al 33 reported that Doppler signs were not characteristic of cyclosporine A-induced nephrotoxicity and that the technique did not differentiate between acute rejection and acute tubular necrosis. In a study that involved prospective monitoring of 155 kidney allograft recipients, Boran et al 34 observed no significant differences in the RI and PI between groups receiving tacrolimus, cyclosporine A, or sirolimus. The authors noted that the indices showed a significant correlation with the recipients' but not the donors' ages. In contrast, this study revealed no association between the use of specific immunosuppressants and the development of graft dysfunction and sonographic parameters such as the RI, PI, and SDI.
Of course, our study had several limitations: the number of CPP measurements per examination was not available, and the level of training received by the examiners might have varied and might have allowed for errors in interpretation. Since this work was a retrospective study, we could not evaluate interobserver and intraobserver variability in the estimation of the parameters. However, all sonographic examinations were performed by only 4 experienced investigators in a standardized procedure designed to minimize interobserver and intraobserver variability. Moreover, the presence of urothelial thickening, which can be seen in rejection, might have biased the measurements of the renal pelvis diameter. Since this phenomenon was observed in less than 5% of our study population without a significant difference among the groups, the effect on our results was unlikely to be relevant.
To conclude, the findings from this study reveal the utility of the SDI as a noninvasive diagnostic marker for acute renal allograft dysfunction. The SDI will not replace histologic examination in diagnosing acute transplant dysfunction but might rather support the indication of a transplant biopsy at an early stage of rejection. The potential utility of this index in classifying renal allograft function and its deviations needs to be investigated further in larger studies with more patients and over longer periods.
